A synthetic jet is an unsteady jet that transfers linear momentum to the surroundings by alternately ingesting and expelling fluid from a cavity containing an oscillating diaphragm. This work presents the first experimental effort to validate the limited number of numerical investigations that have postulated synthetic jets are insensitive to cavity shape. Three axisymmetric synthetic jets with different cavity shapes were used to examine jet performance while keeping other parameters constant such as cavity volume, nozzle length and orifice diameter. Cylindrical, conical and contraction shaped cavities were considered. The cavity pressure and velocity at the orifice exit plane were measured using a microphone and hot-wire, respectively. The results demonstrated that for several operating conditions near Helmholtz resonance of the cavity, noticeable differences were observed in the radial velocity profiles between the three geometries. The Reynolds number decreased sequentially from the cylindrical to conical to contraction cavity. The momentum flux, which is relevant in flow control applications, followed the same trend. In general, the experimental results showed that synthetic jet performance is, to some degree, dependant on cavity shape.
Synthetic jet actuators have proven to be useful for a number of applications including cooling of electronic devices [18, 12] and flow control on aerodynamic bodies [1, 9] . Compared with continuous or pulsed jets, synthetic jets offer a distinct advantage in that they require no external fluid source. A synthetic jet actuator is composed of an orifice or slot connected to a cavity in which one or more surfaces oscillates. As the wall(s) of the cavity oscillate(s), the working fluid is alternately ingested and expelled through the orifice, forming a train of discrete vortical structures that transfer linear momentum to the flow without net mass injection [8] . The fact that no external fluid source is required combined with the availability of increasingly small vibrating diaphragms (e.g. piezoelectric disks) allows the design of extremely compact devices, even down to MEMS scales (e.g. [14] ). Despite the widespread usage of synthetic jets, the complex dynamic behaviour of these devices remains a topic of research.
The characteristic velocity of a synthetic jet is often taken as the centreline velocity, U cl , due to the assumption of a simple top-hat velocity profile at the orifice/slot exit. Since the spatial velocity profile can show significant deviation from the top-hat shape, a more general velocity scale is the time-and-spatiallyaveraged exit velocity over the expulsion stroke, viz.
where U is the phase-averaged axial velocity, T is the excitation period and A n is the cross-sectional area of the nozzle exit. This average velocity can be used to define a jet Reynolds number, given by
where ν is the kinematic viscosity of the working fluid and d is the slot width or orifice diameter. An important length scale in synthetic jet flow is the non-dimensional stroke length, L o /d, where
and U ave is the spatially averaged velocity. The stroke length represents the distance that the fluid travels during the expulsion portion of the cycle [8] . The excitation frequency f can be non-dimensionalized as a Stokes number, S,
These non-dimensional parameters uniquely define the operating conditions of a synthetic jet and greatly influence its ability to transfer linear momentum. In particular, Holman et al. [10] showed that in order to achieve vortex escape after the expulsion stroke (defined as synthetic jet formation) Re/S 2 > C, where C is a constant equal to 0.16 and 1 for axisymmetric and rectangular nozzles, respectively.
The average velocity that can be achieved by the jet is a function of three groups of parameters: geometry, fluid properties and driver properties. Holman et al. [10] identified the following important geometric properties: orifice diameter d (or length and width for a 2D slot), nozzle length L n , radius of curvature of the outer orifice edge, and the cavity volume V c . The relevant properties of the driver are the oscillation frequency f , the fundamental resonant frequency f d and the volume displacement ∆V . These parameters also affect the frequency response of the synthetic jet velocity [7, 5] . Absent from the geometric properties is the shape of the cavity. Typically, it is assumed that cavity shape is not important and can be designed without constraint, as has been suggested based on a numerical study from Utturkar et al. [26] and later by Jain et al. [11] . Utturkar et al. [26] used incompressible flow simulations to study the flow in rectangular cavities where the aspect ratio and location of the oscillating diaphragm(s) was varied. Cavities containing multiple oscillating diaphragms were also considered, where the oscillation amplitude was adjusted in order to maintain the same volume displacement in each case. The authors found that cavity shape and diaphragm placement had negligible impact on the actuator performance in both quiescent conditions or with cross-flow.
However, the authors pointed out the inherent short-coming in using incompressible simulations as the flow inside a synthetic jet cavity is often compressible, and may exhibit higher sensitivity to the cavity design.
Gallas [6] showed numerically and experimentally that the flow is incompressible for f /f H < 0.5, where f H is the Helmholtz frequency of the cavity. Synthetic jets are often operated at or near the Helmholtz frequency, therefore incompressible simulations are not sufficient to describe the flow environment. Jain et al.
[11] employed compressible flow simulations in an axisymmetric synthetic jet and paid close attention to the modelling of the diaphragm motion. They briefly compared the standard cylindrical cavity to conical and parabolic shapes and found little difference in both the exit plane velocity and mass flow for the three shapes. For both Jain et al. [11] and Utturkar et al. [26] , it is difficult to tell whether geometric similarity was maintained in the cavity comparisons since it was not explicitly stated if the cavity volume remained constant as the shape changed.
The goal of the present study is to provide the first experimental results concerning the influence of cavity shape on synthetic jet performance and determine whether exit plane velocity and momentum flux are insensitive to cavity shape. Three axisymmetric cavity shapes with equivalent geometric parameters are compared to a baseline cylindrical shape. The performance of the synthetic jet will be evaluated in the context of flow control applications, where jet momentum is the desired output quantity to be maximized.
Unlike Utturkar et al. [26] , where the goal was to investigate the diaphragm placement and cavity shape for practical design purposes, the present work focuses on jet performance improvement by modifying cavity shape. Three synthetic jet cavities using air as the working fluid were designed in order to study the effect of cavity shape on jet performance. A cylindrical cavity shape ( Figure 1a ) serves as the baseline case since it is most common for axisymmetric synthetic jets. Figures 1 (b) and (c) show the two other shapes selected for comparison: conical with a short cylindrical section, and an axissymmetric contraction defined by a 5th order polynomial [2] . The cylindrical, conical and contraction cavity shapes will be referred to as S1, S2 and S3, respectively. It is assumed that geometries S2 and S3 may produce larger velocities at the nozzle exit than S1 due to a lower pressure loss during the expulsion portion of the cycle. The conical and contraction shaped cavities also reduce the dead zone present at the sharp corner inside the cylindrical cavity. To maintain geometric similarity between the three cavities, the following parameters were held constant: d = 2 mm, L n = 10 mm and V c = 9313 mm 3 . An orifice diameter of 2 mm was determined to be the minimum size where adequate spatial resolution could be achieved to allow velocity measurements across the orifice.
Experimental Setup
The cavity diameter was held constant at the diameter of the driver (30.8 mm) and the cavity length was increased in order to maintain constant V c . A Thunder TH-5C piezoelectric diaphragm manufactured by
Face International Corporation was used to drive the synthetic jets. This piezoelectric diaphragm reaches a maximum centreline displacement of 0.127 mm when a voltage of 420 V (peak-to-peak) is applied. The input signal to the diaphragm is created using a Rigol DG1022 function generator and amplified by a Mide QPA3202 power amplifier. The diaphragm was rigidly clamped between two plates using eight bolts distributed evenly around its circumference. These plates were then secured to the desired jet cavity using another eight bolts and two dowel pins to ensure proper alignment. A torque wrench was used to apply 5.1±0.2 Nm to the bolts each time a synthetic jet was assembled. All parts were CNC machined from aluminum. This design allowed a single piezoelectric diaphragm to be used for each cavity, thereby ensuring constant driver properties and boundary conditions ( Figure 2 ).
Measurement of the cavity fluctuating pressure was performed using a GRAS 1/4" 40BP microphone with a dynamic range of 172 dB and ±1dB frequency response from 10 Hz-25 kHz. Due to the non-planar walls of the synthetic jet cavities, the microphone was mounted behind a pin hole with diameter d m = 0.5 mm. The pin hole length was l m = 1.5 mm such that l m /d m ≥ 2, as suggested by Tsuji et al. [25] .
Furthermore, the effect of Helmholtz resonance on pressure measurements was removed by designing the gap between the microphone diaphragm and pinhole such that the resonance frequency was 3.8 kHz, well above the investigated frequency range. The microphone was operated without its protection grid and was held in place at the correct location using a close-fitting sleeve ( Figure 2 ). The velocity at the orifice exit-plane was measured using hot-wire anemometry. A single-wire probe with wire diameter d w = 2.5µm and prong spacing of approximately 2.5 mm was held parallel with the nozzle, as shown in Figure 3 . The tungsten wire was plated with copper in order to produce an exposed sensing length of l w = 0.5 mm. The sensing length was confirmed under microscope. This wire geometry provides adequate spatial resolution while maintaining l w /d w ≥ 200 [3] . A Dantec 56C01 main unit with 56S17 CTA bridges was used to measure the voltage from the hot-wire probe. Calibration was performed from 1.6-8 m/s before each experiment using a Dantec 55D90 calibration unit and a King's Law fit to the data was employed in order to interpret velocities below the calibration range. Positioning of the hot-wire probe and alignment with the nozzle centreline was accomplished using manual traverses with fine adjustment. Radial profiles of velocity were measured by traversing the hot-wire probe across the orifice using a step-motor-driven traverse with a resolution of 800 steps/mm. The entire apparatus including synthetic jet and probe traverses were contained in a large plexiglass enclosure measuring approximately 1×0.4×0.4 m 3 . The measurement uncertainty due to calibration for all mean velocity quantities is approximately 3% based on the error propagation methodology of Yavuzkurt [28] .
Data was sampled at 20 kHz and 10 5 points were acquired for each measurement. The function generator
Microphone
Hot-wire probe voltage was acquired simultaneously with the microphone and hot-wire in order to provide a reference signal for phase averaging. Phase averaged velocity and pressure cycles were computed from 4848 individual cycles with a resolution in phase of 1.8
• . Phase-averaged quantities were converged to within 1% at the 95% confidence interval over the entire cycle in all cases.
Results

Synthetic jet characterization
The frequency response of the centreline jet velocity at the exit plane, U cl , and the cavity pressure, p , were characterized from f = 100-3000 Hz for peak-to-peak voltages E = 150, 200 and 250 V. The excitation frequency was incremented by 50 Hz steps, except near sharp resonant peaks where additional measurements in 10 Hz increments were performed. Figure 4 shows a typical example of a phase-averaged velocity cycle for S1, f = 300 Hz and E = 250 V, where θ is the phase angle relative to the input signal from the function generator. The area shaded in grey represents the extent of random data scatter for the entire data set.
The lack of scatter in the data demonstrates the laminar behaviour of the jet at the exit plane and the repeatability of each cycle. Typical measurements of U cl and p are shown in Figure 5 for the same conditions as Figure 4 . The rectification of the jet velocity by the hot-wire was removed during post-processing. To de-rectify the signal, the larger peak in the jet velocity cycle was assumed to correspond to the expulsion portion of the cycle. This assumption is valid when the velocity is measured downstream of the exit plane, since the magnitude of the ingestion velocity decreases more rapidly moving away from the exit plane. Data near the local minima of the rectified cycle, where the jet velocity undergoes a change in direction, was omitted in the de-rectified velocity cycle and a spline fit was used to interpolate the regions between the remainder of the data. The markers on the velocity curve in Figure 5 Figures 6 and 7 show the magnitude response of U cl and p , respectively, to sinusoidal excitation. The quantity plotted is the maximum value in the phase averaged cycle, since this value is more accurate than the rms value for low velocities. Based on the lumped-element model of Gallas et al. [7] relating the jet velocity to input voltage, two resonant frequencies (f 1,2 ) are expected for a piezoelectrically driven synthetic jet. These values are bounded by, but not equal to, the Helmholtz frequency of the cavity (f H ) and the natural frequency of the diaphragm (f d ). For an axisymmetric orifice, the Helmholtz frequency is given by
where c is the speed of sound in the cavity [6] . As shown in Figure 6 , two resonant frequencies are apparent for each cavity shape, with the lower resonant peak having significantly larger amplitude than the higher resonant peak. For the S1 and S2 cavities, f 1 ≈ 300 Hz, while S3 cavity has a lower peak at f 1 ≈ 250 Hz. Equation (5) finds f H = 278 Hz for all three cavities, therefore the low frequency peak can be associated with Helmholtz resonance of the cavity. The Helmholtz frequency of each cavity was also measured experimentally by exciting the synthetic jet cavity (with no voltage applied to the piezoelectric diaphragm) using a loudspeaker placed in front of the orifice and driven by a function generator. Helmholtz resonance was identified as the frequency causing the largest value of p [4, 17] . That frequency for both S1 and S2 was f H,exp = 280 ± 1 Hz and for S3, f H,exp = 243 ± 1 Hz. The difference in f H for S3 can be explained by examining the variables in (5). These variables are well defined for S1 and S2, while the nozzle length L n is somewhat ambiguous for S3 due to the smooth transition between the nozzle and cavity. It is reasonable to assume that the "effective" nozzle length for S3 is larger, therefore causing a lower f H . This explains the difference in f 1 for the three cavity shapes.
The second resonant peak shifts from f 2 ≈ 2650 Hz at E = 150 V to f 2 ≈ 2350 Hz at E = 250 V for each cavity. Since the f 1 peak is constant within measurement uncertainty (±5 Hz), this suggests that f d is not constant with input amplitude and the piezoelectric diaphragm is behaving with some degree of non-linearity.
Near Helmholtz resonance, U cl is approximately equal for the there cavities (albeit at lower frequencies for S3), while at higher frequencies U cl,S1 > U cl,S2 > U cl,S3 . However, for frequencies above ∼ 450 Hz, the jet velocity is very small, therefore frequencies near f 1 will be the focus of the remaining discussion. since it is relatively easily acquired and is independent of the driver properties. Figure 7 highlights the issues involved in comparing different synthetic jets based on input voltage amplitude and frequency. Since S1 and S2 have identical f H , there is very little difference in p for these cavities, however this is not true for S3. Near the peak associated with Helmholtz resonance, the pressure versus frequency curve for S3 is shifted to the left due to a lower Helmholtz frequency. When the three cavities are operated at the same voltage amplitude and frequency in this range, the pressure may vary significantly. For example, at f = 200 Hz and E = 200 V, p is 66% larger for S3 than S1 or S2. The peak of p at f 1 is noticeably larger for S3 than S1 or S2. Given that the flow through the synthetic jet nozzle is driven by the cavity pressure, the performance of different synthetic jets cannot be directly compared if cavity pressure differs. Therefore, comparing synthetic jets using cavity pressure rather than voltage amplitude is more appropriate. Persoons [19] developed a reduced-order model using a lumped element approach to relate the average velocity at the nozzle exit to the cavity pressure.
Given the cavity pressure, geometric and fluidic properties of the synthetic jet, U can be estimated by
where L n = L n + 2β 4A n /π, β is an added mass coefficient for the nozzle and K is a non-linear damping loss coefficient. This model is valid up to a frequency dependant limit f < c/16L max , where L max is the largest linear dimension in the cavity or nozzle. From (6), the synthetic jet cavities in this study will operate under the same conditions when f /f H and p are constant. Any variation in the jet performance may be attributed to a lower loss coefficient K or mass coefficient β. Figure 8 shows a scale drawing of the measurement stations with the hot-wire sensing length indicated. It is important to note that the prong spacing of the hot-wire probe was larger than the orifice diameter such that the prongs did not affect the jet. The centreline, r = 0, was identified after each new cavity was installed by measuring the location where symmetry of the velocity profile was achieved. Three test cases were considered: 1) f /f H = 0.71 and p = 50 Pa, 2) f /f H = 1.07 and p = 160 Pa, and 3) f /f H = 1.25 and p = 100 Pa ( Table 1 ). Note that f H was taken as the experimentally measured value for each cavity shape. For a given frequency, the cavity pressure was adjusted by varying the voltage amplitude until the desired value was obtained. Figure 9 shows the radial profiles of U normalized by the largest centreline velocity at six phase locations for f /f h = 0.71 and p = 50 Pa (Case 1). The phase angle φ is defined such that φ = 90
• corresponds to maximum expulsion velocity. The results demonstrate that over the entire cycle, the velocity profiles have approximately equal shape for each cavity. However, the magnitude of the velocity is generally largest for S1
and slightly lower for S2, with S3 having the lowest velocities. Similar results are obtained for test Cases 2 Figures 9 to 11 , the Reynolds number increases from cavity shape S3 to S1 (i.e.,
Re U ,S1 > Re U ,S2 > Re U ,S3 ). The Reynolds number and jet formation criterion suggest that a laminar jet is formed in all cases. The mean dimensionless stroke length varies from
for Case 2.
The definition of a synthetic jet requires that at x/d = 0, the temporally averaged flow rate over a cycle is zero. The flow rate through a circular orifice is given by 
The velocity profiles in Figures 9 through 11 show that a non-zero net mass flux may exist at the measurement plane x/d = 0.075. Nani and Smith [15] showed that if the flow rate is computed at x/d > 0 using only a plane parallel to the orifice face, the flow rate during the ingestion phase may be considerably under-predicted due to significant flow in the radial direction. However, their results demonstrated that at x/d = 0.0726, the flow in the radial direction was small relative to the axial flow. Typical examples of the flow rate over a phase averaged cycle are shown in Figure 12 for S2 (Case 2) and S3 (Case 3). Each curve is normalized by its respective maximum. Also included in this plot are horizontal lines indicating the integrated value Q ave over the cycle. The mean value of Q is nearly zero for Case 3, while for Case 2 there is excess flow rate in the expulsion portion of the cycle. For all the cases considered, the mean flow rate was no more than 11% of the rms value, suggesting that the measurements are sufficiently close to x/d = 0 to be representative of the flow at the exit plane. Furthermore, this provides confidence that the velocity measured by the hot-wire at −0.45 ≤ r/d ≤ 0.45 has been correctly interpreted as axial velocity. The small excess flow rate in the expulsion stroke, positive Q ave , provides a measure of the radial flow that was not accounted for. Table 1 summarizes the deviation from zero-net-mass-flux according to Q ave /Q rms . 
Jet momentum
In flow control applications, the purpose of a synthetic jet actuator is to impart momentum on the boundary layer through the formation of a vortex pair or ring. Therefore, the performance of the three cavity shapes can be further compared by considering the time-averaged momentum flux, calculated as [23, 16] 
where u is the fluctuating axial velocity. At x/d = 0.075, integration was computed over both 0 ≤ r/d ≤ 0.45 and −0.45 ≤ r/d ≤ 0 and the momentum flux was taken as the mean value. The average measurement uncertainty in J is ±5%. Figure 13 shows the effect of cavity shape on J for each test case. The results demonstrate that S1 achieves the largest momentum in each case and the momentum decreases sequentially from S1 to S3. The momentum flux of S1 is approximately 15% and 36% larger than that of S2 and S3, respectively. The momentum flux for Case 2 was also measured at a location downstream of the orifice. A streamwise location of x/d = 5 was selected since it was beyond the region where the vortex ring was formed and the flow was not affected by the ingestion stroke at this location. It was also assumed that the radial velocity was small relative to the axial velocity at x/d = 5. Since Cases 1 and 3 have considerably lower velocity than Case 2, these test cases were not included in the measurements. Figure 14 shows the time-averaged profiles of U normalized by the maximum centerline velocity at x/d = 5. As expected, the time-averaged velocity profiles resemble that of a conventional round jet that is developing. Interestingly, it would appear that the jet produced by S1 has experienced more rapid decay than S2 since the velocity profiles have nearly equal magnitude at this location. This effect is reflected in the momentum flux, shown by the filled symbols in Figure 13 . The momentum flux of S1 and S2 differ by less than 10%, while that of S3 is approximately 30%
smaller. These results also demonstrate that unlike a conventional jet, the momentum decreases downstream of the orifice. This behaviour is typical for synthetic jets and is caused by the existence of an adverse streamwise pressure gradient near the jet orifice as a result of the suction stroke [23, 24] . These results are certainly surprising since it was hypothesized that if cavity shape were to have any effect on the jet momentum, the opposite trend would be observed and S3 would achieve the largest momentum flux. If the tested cavity shapes were used as steady jets (i.e., continuous blowing), this would be the case due to a decreasing pressure drop from S1 to S2 to S3. The fact that S1 achieves the highest momentum flux highlights the complexity of the oscillatory flow and may be due to interaction within the cavity with the local recirculating flow. At the beginning of the suction stroke, vorticity is generated at the sharp outer edge of the orifice. These vortices are then ingested into the cavity (e.g., Kotapati et al. [13] ). During expulsion, the flow attempting to leave the cavity will be in counterflow with the decelerating vortices from the ingestion stroke. For the baseline cylindrical cavity, there is sufficient room in the cavity for the outgoing flow to move around these vortices. It is possible that as the region of the cavity near the neck becomes narrower for S2
and S3, the outgoing flow effectively encounters a larger blockage from the suction flow. Figure 15 shows a schematic of the expected flow behaviour.
Efficiency considerations
The efficiency of a synthetic jet actuator can be defined in a number of different ways based on its intended purpose. As mentioned above, the output quantity of interest in aerodynamic flow control is jet momentum.
Vortices from ingestion stroke Figure 15 : Theorized cavity flow details during the expulsion stroke for cavities S1 (left) and S3 (right).
Persoons [19] defined a fluidic efficiency based on jet momentum, viz.
where E rms and I rms are the rms voltage and current supplied to the piezoelectric diaphragm, respectively, and Φ is the phase angle between voltage and current. The real power consumed by the actuator is defined as P = E rms I rms cos Φ. Due to the capacitive nature of the piezoelectric diaphragm driving the synthetic jet, the power used by the actuator (real power) is small compared to the reactive power that is delivered back to the supply. While Persoons [19] introduced this measure of fluidic efficiency based on jet momentum, the author did not present results for this parameter. Figure 16 shows the efficiency plotted against f /f H for each cavity. Maximum efficiency is achieved at the resonant peak f 1 = 1.07f H for all geometries. At f /f H = 0.71 and 1.43, the efficiency is approximately equal for the three cavity shapes. However, at f /f H = 1.07 the efficiency of S3 is approximately 20% larger than that of S1 and S2. As shown in Table 1 , the variation in Re U within each test case is small and increases sequentially from S3 to S2 to S1, therefore the large difference in η is due to the power consumed by the actuator. The electrical power consumption is also shown in Figure   16 . Due to the difference in Helmholtz frequencies, f /f H = 1.07 corresponds to f = 260 Hz for S3 and f = 300 Hz for S1/S2. Piezoelectric diaphragms behave essentially as a capacitor such that their reactance is inversely proportional to frequency. This implies that for a given excitation voltage and f /f H , S3 will draw less current than S1 and S2. Furthermore, the voltage amplitude required to match the cavity pressure was not necessarily equal for a given f /f H , as shown in Figure 17 . There is substantial variation in p near the resonant peak from approximately f /f H = 0.9 to 1.25, with S3 having the largest values. This suggests that near Helmholtz resonance, the shape of the cavity influences the maximum pressure that can be achieved for a given voltage amplitude. It is therefore not surprising that η primarily follows the trend of P −1 . The preceding discussion highlights the difficulty in identifying which factor causes the improved efficiency for S3: lower electrical power consumption due to a lower Helmholtz frequency, or higher cavity pressure at the resonant peak. Comparing η for S1 and S2 at f /f H = 1.07 demonstrates that despite the difference in cavity pressure (and therefore voltage amplitude) and Reynolds number, the efficiency varies by only 3%. It can be surmised that the increased efficiency for S3 at the resonant peak is due to the combination of a lower applied voltage and lower current draw. These results demonstrate that when comparing piezoelectrically driven synthetic jets with similar performance, the most efficient design will be the one with the lowest resonant frequency. The contraction shape of S3 yields the lowest momentum flux, however it achieves significantly larger efficiency at the resonant peak. This measure of fluidic efficiency does not account for other factors that may be important in the overall design, such as the physical dimensions of the synthetic jet which are often of great concern when installing the actuator in an aerodynamic body. Table 2 qualitatively compares several important parameters of the synthetic jets: Re U , J, η at the resonant peak near f H and the height of the cavity. Geometries S2 and S3 are compared to the baseline cylindrical cavity, S1, where "-" indicates negligible change (less than 10%). The results in this table demonstrate that if the goal of a particular synthetic jet design is to maximize performance, the ideal choice would be the baseline cylindrical cavity shape since it achieves the largest momentum flux with the smallest cavity height. If the goal is to maximize efficiency, the contraction cavity provides substantially higher efficiency provided it is operated at the resonant peak corresponding to Helmholtz resonance of the cavity. 
Conclusion
The influence of cavity shape on synthetic jet performance was investigated experimentally by comparing three cavity shapes: cylindrical, conical and contraction. Characterization of the synthetic jets revealed two resonant peaks in the response of both centreline velocity and cavity pressure to excitation voltage. Due to differences in the resonant peak associated with Helmholtz resonance of the cavity, a velocity-pressure model was adopted in order to ensure equivalent operating conditions for the difference cavity shapes. Three test cases were considered at frequencies near the Helmholtz resonance. For each test case, the synthetic jets were operated with equivalent f /f H and cavity pressure.
Radial profiles of U j at the exit plane demonstrated noticeable differences in the velocity profile throughout the excitation cycle for the three cavity shapes. More precisely, the profiles have the same shape, but different magnitude. A sequential decrease in Reynolds number from cavity S1 to S2 to S3 was observed. Velocity profiles typical of fully-developed oscillatory flow were observed during the expulsion stroke for Stokes numbers from 17 to 25. The expected zero-net-mass-flux behaviour was confirmed to be within 11% at a measurement plane of x/d = 0.075, providing further confidence in the measured velocity profiles.
The performance of the jet for flow control applications was quantified by calculating the mean momentum flux. The results demonstrated that in agreement with the velocity profiles, the largest momentum flux was achieved by the cylindrical cavity and decreased from the conical to the contraction cavity. These results provide experimental evidence that cavity shape does impact synthetic jet performance. The fluidic efficiency was also considered and due to a lower Helmholtz frequency, the contraction cavity consumed significantly less power at the resonant peak and achieved the largest efficiency at resonance. The results provide important information concerning synthetic jet design: if the goal is to maximize momentum flux, the basic cylindrical shape should be selected, while if the goal is to reduce power consumption and increase efficiency, a more complex geometry can be used to achieve a lower resonant frequency.
